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Available online 18 June 2014Wall-associated kinases (WAKs) play an important role in plant defense and development.
Considerable progress has been made in understanding WAK genes in Arabidopsis thaliana.
However, much less is known about these genes in common wheat. Here, we isolated a
novel wheat WAK gene TaWAK5 from sharp eyespot disease-resistant wheat line CI12633,
based on a differentially-expressed sequence identified by microarray analysis. The
transcript abundance of TaWAK5 was rapidly increased following inoculation with the
pathogen Rhizoctonia cerealis. TaWAK5 in resistant wheat lines was induced to higher levels
than in susceptible lines at 7 days post inoculation with R. cerealis. The expression of
TaWAK5 was also induced by treatments with exogenous salicylic acid, abscisic acid, and
methyl jasmonate. The deduced TaWAK5 protein contained a signal peptide, two epidermal
growth factor (EGF)-like repeats, a transmembrane domain, and a serine/threonine protein
kinase catalytic domain. Subcellular localization analyses in onion epidermal cells
indicated that the TaWAK5 protein was localized to the plasma membrane. Virus-induced
gene silencing of TaWAK5 in CI12633 plants showed that the silencing of TaWAK5 did not
obviously impair wheat resistance to R. cerealis, suggesting that TaWAK5 may be not the
major gene in wheat defense response to R. cerealis, or that it is functionally redundant with
other genes. This study paves the way for further research into WAK functions in wheat
stress physiology.
© 2014 Crop Science Society of China and Institute of Crop Science, CAAS. Production and
hosting by Elsevier B.V. All rights reserved.Keywords:
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Wheat1. Introduction
Plants are continuously threatened by a broad range of
pathogens, including fungi, oomycetes, viruses, and bacteria.1; fax: +86 10 82105819.
Z. Zhang).
Science Society of China a
ina and Institute of CropTo defend themselves against pathogen attack, plants have
evolved an array of response systems, in which external cues
are deciphered and translated into effective defense re-
sponses [1]. Receptor-like kinases (RLKs) play fundamentalnd Institute of Crop Science, CAAS.
Science, CAAS. Production and hosting by Elsevier B.V. All rights
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defense-associated signaling pathways, thereby regulating
cellular responses to pathogen infection[1]. For example,
FLAGELLIN SENSTIVE2 (FLS2) and bacterial translation
elongation factor EF-Tu receptor (EFR) act as pattern-recognition
receptors (PRRs) that recognize pathogen-associated molecular
patterns (PAMPs) and play key roles in PAMP-triggered immunity
in Arabidopsis thaliana[2,3]. The cell surface receptor chitin
elicitor receptor kinase 1 of Arabidopsis (AtCERK1) directly
binds chitin through its lysine motif (LysM)-containing
ectodomain (AtCERK1-ECD) to activate defense responses [4].
Wall-associated kinases (WAKs) and WAK-like kinases
(WAKLs) are a unique RLK subfamily that contains excellent
candidates which may directly link and enable communi-
cation between the extracellular matrix (ECM) and the
cytoplasm [5,6]. WAK proteins possess a typical cytoplasmic
Ser/Thr kinase signature, and have an extracellular domain
(ectodomain) with similarity to vertebrate epidermal growth
factor (EGF)-like domains [7]. WAKs have been shown to
perceive damage-associated molecular patterns (DAMPs),
which are comprised of the pectin and oligogalacturonide (OG)
molecules that are released from the plant cell wall following
damage caused by pathogen attack. WAKs then function to
communicate these damage signals, thereby modulating both
plant defense and development [5,8].
In Arabidopsis, 26 WAK/WAKL genes have been identified.
Five of theseWAK genes (AtWAK1–5) were shown to be clustered
on chromosome 1. Certain WAK homologues have been identi-
fied in rice (Oryza sativa), tobacco (Nicotiana tabacum), maize (Zea
mays), barley (Hordeum vulgare), and wheat (Triticum aestivum)[9].
AtWAK1 in Arabidopsis is themost studiedWAK receptor kinase.
The transcription of AtWAK1 is induced by OG molecules and
salicylic acid (SA)[10]. AtWAK1 was shown to bind OG molecules
and to mediate the perception of OG molecules [5]. Transgenic
plants overexpressing AtWAK1 showed elevated resistance to
the necrotrophic pathogen Botrytis cinerea[5]. Both AtWAK1 and
AtWAK2were shown to bind pectin in vitro. AtWAK2was shown
to be required for the pectin-induced activation of numerous
genes, many of which were involved in defense responses [8].
OsWAK1 transcript was significantly induced after infection with
the rice blast fungus (Magnaporthe oryzae) and also induced
following treatment with exogenous SA or methyl jasmonate
(MeJA). Transgenic rice lines overexpressing OsWAK1 showed
enhanced resistance to M. oryzae strain P007[11]. Although four
WAKs (TaWAK1–4) and two WAKLs (TaWAKL1 and TaWAKL2)
have been isolated fromwheat [12], their functional roles remain
poorly understood.
Phyto-hormones, including SA, JA, ethylene, andabscisic acid
(ABA), are known to play important roles in plant responses to
biotic and abiotic stresses [13–19]. Upon microbial attack, plants
modify the relative abundance of these hormones as a defense
mechanism that can then activate efficient defense responses at
the molecular genetic level, enabling plant survival [20]. SA is
involved in recognition of pathogen-derived components and
the subsequent establishment of local and systemic acquired
resistance [21,22]. JA and ethylene signaling act synergistically
and regulate induced systemic resistance. ABA also plays an
important role in plant defense response, and the ABA signaling
pathway interacts with other phyto-hormone signaling path-
ways in plant defense responses [23–25].Wheat is one of themost important staple crops in the world
and plays a fundamental role in food security. Sharp eyespot
disease, mainly caused by the necrotrophic fungal pathogen
R. cerealis, is one of the most devastating diseases in wheat
production [26,27]. In infected wheat plants, R. cerealis may
destroy the stems and sheaths of host plants and can cause
lodging and dead spikes [27]. Fewwheat genes involved inwheat
defense responses to R. cerealis have been identified or charac-
terized to date. Moreover, it is not known whether protein
kinases participate in wheat responses to the pathogen infection
during the developing process of sharp eyespot disease.
The goal of this research was to understand the roles of
WAKs in wheat defense responses to R. cerealis infection. By
using the Agilent wheat microarrays, we studied the
transcriptomic profiles of WAK/WAKL genes in resistant and
susceptible wheat lines following inoculation with R. cerealis.
AWAK gene named TaWAK5was identified to be significantly
up-regulated at 21 days post inoculation (dpi) in the resistant
wheat lineCI12633 as comparedwith susceptiblewheat cultivar
Wenmai 6. This paper reports the identification, molecular
characterization, and functional analysis of TaWAK5. The
transcript abundance of TaWAK5 was markedly induced after
R. cerealis infection. Its expression was also induced following
exogenous application of SA, ABA, and MeJA. The protein was
localized at the sub-cellular level to the plasma membrane in
onion cells. We further analyzed the function of TaWAK5 in
wheat defense responses to R. cerealis using virus-induced gene
silencing (VIGS) technique.2. Materials and methods
2.1. Plant and fungal materials and treatments
Six wheat (T. aestivum L.) lines/cultivars exhibiting different
levels of resistance and susceptibility to R. cerealis were
used in this study. They included CI12633 and Shanhongmai
(resistant to R. cerealis); Navit 14, and Shannong 0431 (moder-
ately resistant to R. cerealis);Wenmai 6 (susceptible to R. cerealis);
and Yangmai 158 (moderately susceptible to R. cerealis)[28].
A major Jiangsu virulent isolate strain of pathogen fungus
R. cerealis causing the sharp eyespot disease, R0301, was
provided by Profs. Huaigu Chen and Shibin Cai from Jiangsu
Academy of Agricultural Sciences, China.
Wheat plants were grown in a 14 h light/10 h dark
(22 °C/10 °C) regime. At the tillering stage, the 2nd base
sheath of eachwheat plantwas inoculatedwith small toothpick
fragments harboring well-developed mycelia of the pathogen
R. cerealis following Chen [27]. Mock treatment (control) plants
were inoculated with small toothpick fragments soaked in
liquid potato dextrose agar (PDA). Inoculated plantswere grown
at 90% relative humidity for 4 days. The inoculated stems were
sampled at 0, 4, 7, 10, 14, and 21 days post inoculation, quickly
frozen in liquid nitrogen, and stored at −80 °C prior to total RNA
extraction. At 4 dpi, the roots, sheaths, stems, and leaves of
the inoculated CI12633 plants were collected, respectively.
At 45 dpi, the roots, stems, leaves, and young spikes of the
inoculated CI12633 plants were separately sampled and used
for RNA extraction and the tissue expression profiles of
TaWAK5.
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stage of the resistant line CI12633 were treated with
phyto-hormones, including 1.0 mmol L−1 SA, 0.1 mmol L−1
MeJA (JA analog), ethylene released from 0.2 mmol L−1 ethe-
phon, and 0.2 mmol L−1ABA, following Zhang et al. [29].
Leaves were collected for RNA extraction at 0, 1, 3, 6, 12, and
24 h after treatment with these hormones.
2.2. RNA extraction and cDNA synthesis
Total RNA was extracted using TRIzol reagent (Qiagen, China)
according to the manufacturer's instructions. DNase I treat-
ment was used to remove genomic DNA. First-strand cDNA
was synthesized using 2 μg purified RNA, AMV reverse
transcriptase, and oligo (dT15) primers (TaKaRa Inc., Tokyo,
Japan) according to the manufacturer's instructions for the
cDNA synthesis kit.
2.3. Cloning of full-length sequence of TaWAK5 cDNA
Based onmicroarray analysis results, a partial cDNA fragment
(GenBank accession number CA642360), which was differ-
entially expressed between the resistant wheat genotype
CI12633 and the susceptible wheat Wenmai 6, was identi-
fied. Based on the sequence of CA642360 and using a 3′-Full
RACE Core Set kit v.2.0 from TaKaRa Inc., the sequence
of the 3′ untranslated region (UTR) was amplified from
cDNA of CI12633 stems that had been challenged with
the pathogen R. cerealis for 21 days. Using CA642360 as a
query sequence, the DNA sequence was retrieved from the
Cereals Data Base (Cereals DB, http://www.cerealsdb.uk.
net/CerealsDB/Documents/ DOC_CerealsDB.php), and the
gene structure was analyzed using SoftBerry FGENESH
software program in LINUX system (http://linux1.softberry.
com/berry.phtml?topic=fgenesh&group=programs&subgroup=
gfind). Gene-specific primers TaWAK5-ORF-F/TaWAK5-
ORF-R were then designed and used to amplify the full-length
open reading frame (ORF) sequence of TaWAK5 from the cDNA
of the CI12633. The purified PCR products were cloned to the
pMD-18T vector from TaKaRa Inc. and selected to identify the
positive clones. Five positive clones were then sequenced with
an ABI PRISM 3130XL Genetic analyzer (Applied Biosystems,
Foster City, CA). The full-length cDNA sequence of the resulting
TaWAK5 gene with 2282 bp length was obtained by analyzing
the aligned sequences.
The TaWAK5 gene was analyzed using several bioinformat-
ics tools. First, the cDNA sequence data was analyzed using
BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and ORF Finder
(http://www.ncbi.nlm.nih.gov/gorf/). The deduced protein se-
quencewas then analyzedwith theCompute pI/Mw tool (http://
web.expasy.org/compute_pi/) which is used for computation of
the theoretical iso-electric point and protein molecular weight,
InterPro-Scan (http://www.ebi.ac.uk/interpro/) for domain iden-
tification and Smart software (http://smart.embl-heidelberg.de/
smart/set_mode.cgi? GENOMIC = 1) for prediction of the con-
servedmotifs of domains. DNAMAN softwarewas then used for
sequence alignment and MEGA 5.0 software for constructing a
phylogenetic tree. The region upstream (1000 bp) of the start
codon was analyzed using the plant cis-acting regulatory DNA
element (PLACE) database (http://www.dna.affrc.go.jp/PLACE/).2.4. Subcellular localization of TaWAK5
The coding region of TaWAK5 lacking the stop codon was
amplified using gene-specific primers TaWAK5-GFP-F/TaWAK5-
GFP-R. The amplified fragment was digested with restriction
enzymes Pst I and Xba I, then subcloned in-frame into the
5′-terminus of the GFP (green fluorescent protein) coding region
in the pCaMV35S:GFP vector (kindly provided by Dr. Daowen
Wang, Chinese Academy of Sciences), resulting in the TaWAK5-
GFP fusion construct pCaMV35S:TaWAK5-GFP.
The p35S:TaWAK5-GFP fusion construct or p35S:GFP con-
trol construct was separately bombarded into epidermal cells
of awhite onion according to the protocol described by Zhang et
al. [30]. To induce the expression of the introducedGFPproteins,
the transformed onion cells were incubated at 25 °C for 16 h.
The GFP signals were then observed and photographed using
a Confocal Laser Scanning Microscope (Zeiss LSM 700,
Germany) with a Fluar 10X/0.50M27 objective lens and an
SP640 filter. The plasmolysis of the onion cells was under-
taken by addition of 0.8 mol L−1 sucrose solution for 5 min, as
described by Lang-Pauluzzi and Gunning [31].
2.5. Functional analysis of TaWAK5 through virus-induced
gene silencing
A virus-induced gene silencing (VIGS) technique was previ-
ously developed with barley stripe mosaic virus (BSMV) and
found to be an effective reverse genetics tool for investigating
rapidly the functions of some genes in barley and wheat
[32,33]. To generate a BSMV:TaWAK5 construct, a 298 bp
sequence of TaWAK5 (from nucleotide position 1913 to 2211
in the TaWAK5 cDNA sequence) was amplified from the cDNA
sequence for TaWAK5 from the genotype CI12633 with the
primers TaWAK5-VIGS-F/TaWAK5-VIGS-R. PCR-amplified
cDNA fragments were digested with Pac I and Not I, then
ligated into the BSMV:RNAγ vector digested with Pac I-Not I,
resulting in the recombinant construct RNAγ:TaWAK5-as.
Following a previously described protocol [32], the tripar-
tite cDNA chains of BMSV:TaWAK5, or the control virus BMSV:
GFP genome, were separately transcribed into the RNAs, then
mixed and used to infect CI12633 plants at the 2-leaf stage. At
the same time, CI12633 plants were inoculated with only the
buffer without virus. Hereafter, these plants treated only with
buffer are referred to as mock treatments. The 4th leaves of
the inoculated seedlings were collected and analyzed for the
virus infection based on the RNA transcript presence of the
BSMV coat protein gene using primers BSMV-CP-F/BSMV-CP-R.
These tissues were also evaluated for changes in TaWAK5
expression with primers TaWAK5-Q-F/TaWAK5-Q-R at 10 days
after BSMV infection.
For R. cerealis inoculation, the fungus was cultured on
potato dextrose agar at 25 °C for 10 days, then 1 cm2 plugs
from the edge of R. cerealis colonies were placed into liquid
PDAmedium and cultured at 25 °C for 2 weeks, to develop the
mycelia. The 4th base sheath of wheat plants was inoculated
with 15 μL of the R. cerealis liquid culture at 20 days after BSMV
virus inoculation.
Inoculated plants were grown at 90% relative humidity for
4 days. Sharp eyespot symptoms were observed respectively
at 14 days and 40 days after fungal inoculation. These are the
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the infected sheaths and stems, respectively, of the suscep-
tible cultivar Wenmai 6.
2.6. RT-PCR and real-time quantitative RT-PCR (qRT-PCR)
analysis
RT-PCR was performed with 20 μL reaction volumes from the
TaKaRa Inc. kit containing 1× PCR buffer, 2.0 μL 10× first
strand cDNA, 150 μmol L−1 of each dNTP, and 1 U Taq
polymerase, plus 0.25 μmol L−1 of each primer. The program
used was as follows: initial denaturation at 94 °C for 5 min;
followed by 30 cycles of 30 s at 94 °C, 30 s at 60 °C, and 30 s at
72 °C; and final extension at 72 °C for 5 min. The PCR products
were detected on 2% agarose gels. In all the semi-quantitative
RT-PCR experiments, wheat elongation factor 1 alpha-subunit
(TaEF-1a) was used to normalize the cDNA contents among
various samples.
qRT-PCR was performed using SYBR Green I Master Mix
from TaKaRa Inc. in a volume of 25 μL on an ABI 7300 RT-PCR
system (Applied Biosystems Corp.). Reactions were set up
with the following thermocycling profile: 95 °C for 5 min,
followed by 41 cycles of 95 °C for 15 s and 60 °C for 31 s. The
products were continuously examined with a melting curve
analysis program. All qRT-PCR reactions were repeated three
times. The relative expression of the gene TaWAK5 was
calculated with the 2−ΔΔCT method [34], where the wheat
TaActin gene was used as the internal reference.
The sequences of primers used are listed in Table S1.3. Results
3.1. The transcription of TaWAK5 is induced by R. cerealis
infection
Microarray analysis is a frequently used molecular genetic
technique for the identification of target genes that are expressed
differentially between different plant tissue samples or the same
samples under different treatments. In this study, we used
Agilent wheat microarrays to identify WAK genes that were
differentially expressed between the resistant wheat genotype
CI12633 and susceptible wheat cultivar Wenmai 6 following
infectionwith R. cerealis. Based on differentially-expressed gene
analysis, a wheat cDNA fragment CA642360 had a 30-fold
increase in transcript level in the resistant CI12633 as compared
with the susceptible Wenmai 6 at 21 dpi. BLAST searching
against the GenBank database showed that this gene was
homologous to the genes encoding WAKs in plants. As four
WAK genes, TaWAK1, TaWAK2, TaWAK3, and TaWAK4, were
isolated from wheat in a previous study [12], hereafter, this
novel wheat WAK gene induced by R. cerealisis designated as
TaWAK5.
To further investigate the involvement of TaWAK5 in
wheat responses against R. cerealis, qRT-PCR was used to
analyze the transcript profile of TaWAK5 in wheat infected
with the fungal pathogen R. cerealis. The analysis over a
21-day pathogen inoculation time-series showed that
TaWAK5 was induced by R. cerealis infection in both the
resistant CI12633 and in the susceptible Wenmai 6, whereasthe induction degree was higher in CI12633 as compared to
Wenmai 6 (Fig. 1-A). The expression level of TaWAK5 in
CI12633 was about 15 times higher than the level inWenmai 6
at 21 dpi, consistent with the result of the microarray analysis
and with the level of resistance displayed by the genotypes.
Following R. cerealis infection, TaWAK5 transcripts in the
resistant CI12633 were induced at 4 dpi, reached a first peak
at 10 dpi (about 24-fold increase over 0 dpi), decreased at
14 dpi, and reached a second peak at 21 dpi (about 33-fold
increase over 0 dpi).
Meanwhile, the expression of TaWAK5 in different tissues
of the R. cerealis-inoculated CI12633 was assessed using
qRT-PCR (Fig. 1-B). At 4 dpi, the TaWAK5 gene was expressed
most highly in the roots (10-fold over in the stems) than in the
sheaths and leaves. The lowest expression was found in the
stems. The expression level of TaWAK5 in the sheaths was 7
times higher than that in the stems. At 45 dpi, the transcrip-
tional level of TaWAK5 was the highest in the root samples
and lowest in the young spike tissue, with 107 times higher
expression level in the former root tissue. The expression
level of TaWAK5 was elevated 2-fold in stems and 1.99-fold in
leaves compared with the young spike.
A more detailed analysis of the expression patterns of
TaWAK5 was carried out in R. cerealis-resistant lines (CI12633,
Shanhongmai, Navit14, and Shannong 0431) and susceptible
lines (Wenmai 6 and Yangmai 158). As shown in Fig. 1-C,
transcript abundances of TaWAK5were higher in the resistant
lines than in the susceptible lines at 7 dpi, with highest level
found in the highly resistant wheat CI12633, and lowest level
found in the moderately-susceptible wheat Yangmai 158. The
above results suggested that TaWAK5 may be involved in
wheat defense response to R. cerealis infection.
3.2. TaWAK5 encodes a wall-associated kinase
The full-length cDNA sequence (2282 bp) of TaWAK5 was
obtained from the resistant wheat genotype CI12633 and
deposited in the GenBank database (accession number
KF710462). The cDNA contained an ORF of 2112 nucleotides
(from 21 to 2132 bp), encoding a protein of 703 amino acids
with an estimatedmolecular mass of 77.0 kDa and a predicted
pI of 6.7. BLAST searching against the GenBank database
indicated that the TaWAK5 gene was homologous to WAK
genes from Aegilops tauschii (GenBank entry, EMT17650)
with 67% identity, from Triticum urartu (GenBank entry,
EMS57881) with 60% identity, from Setaria italic (GenBank
entry, XP_004959009) with 55% identity, and from O. sativa
(GenBank entry, AAX95007) with 42% identity.
The deduced amino acid sequence of TaWAK5 was found
to contain various signals and protein domains (Fig. 2). In the
N-terminal region, there was a predicted signal peptide at
amino acids 1–37, whichmay causemembrane targeting. Two
EGF-like repeats at amino acids 268–319 and 323–363 were
identified in the putative extracellular domain of the se-
quence. Additionally, the TaWAK5 protein had a putative
protein kinase catalytic domain (residues 429–694) that
included an ATP binding site and a Ser/Thr kinase active site
(ILHGDVKPANILL, residues 549–561). TaWAK5 is non-arginine
aspartate (RD)-type protein, as it carries a glycine (G) rather
than an arginine (R) residue immediately preceding the
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Fig. 1 – Expression patterns of TaWAK5 in wheat responding to R. cerealis inoculation. A: Transcript levels of the TaWAK5 gene
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259T H E C R O P J O U R N A L 2 ( 2 0 1 4 ) 2 5 5 – 2 6 6conserved aspartate (D) in the catalytically-active subdomain
VIb.
Phylogenetic analysis was performed to decipher the rela-
tionship between TaWAK5 and any related RLKs. Twenty-one
available RLK sequences from different plant species were used
to construct a rooted phylogenetic tree. These RLK sequences
formed four different subgroups of RLKs including WAK,
leucine-rich repeat (LRR)-RLK, LysM-RLK, and lectin-RLK. In
the first group, the proteins for TaWAK5, TaWAK1, TaWAK2,
TaWAK3, TaWAK4, OsWAK, HvWAK, AtWAK1, AtWAK2,
AtWAK3, AtWAK4, and AtWAK5 were clustered into a single
WAK clade (Fig. 3-A).
We performed a comparison of amino acid sequences of
WAK proteins to determine their similarity. TaWAK5 was
found to be closely related to HvWAK from H. vulgare (56.6%
identity), followed by OsWAK from O. sativa (47.0% identity),
suggesting that these are orthologs of each other from
different cereals in the Gramineae family. Meanwhile,
TaWAK5 shared 31.5–38.6% protein sequence identities with
the four reported wheat WAK paralogs, TaWAK1, TaWAK2,
TaWAK3, and TaWAK4. The sequence identities between
TaWAK5 and ArabidopsisWAKs were only 30.6–32.8%, showing
the distance between monocot and dicot homologues of WAK
genes. We then carried out a multiple alignment of EGF-like
repeats of TaWAK5 and WAKs from wheat, barley, rice, and
Arabidopsis, in which each EGF-like repeat contained six
conserved cysteine residues (Fig. 3-B). The positions of thesix cysteine residues are conserved in TaWAK5 and the other
testedWAKs, although the amino acid sequences between the
cysteine residues varied.
3.3. TaWAK5was localized to the plasmamembrane in planta
To study the subcellular localization of TaWAK5, the p35S:
TaWAK5-GFP and p35S:GFP constructs were separately intro-
duced into onion epidermal cells. As presented in Fig. 4-A, the
TaWAK5-GFP fusion proteins were localized on the cell
periphery, whereas the fluorescence of GFP alone as a control
was distributed throughout the cell. To verify the nature of the
subcellular localization of TaWAK5, a plasmolysis experiment
was performed. When onion cells expressing TaWAK5-GFP were
plasmolyzed in a 0.8 mol L−1 sucrose solution, TaWAK5-directed
GFP fluorescence signal was observed on the plasmamembrane
(Fig. 4-B). Thus, TaWAK5 may be a plasma membrane-localized
protein.
3.4. TaWAK5 was induced by exogenous SA, ABA, or MeJA
application
To determine if TaWAK5 was responsive to various phyto-
hormone (SA, ABA, ethylene, or MeJA) treatments, we used
qRT-PCR to monitor the transcriptional patterns of TaWAK5
in wheat following treatment for 0, 1, 3, 6, 12, and 24 h with
exogenous SA, ABA, ethylene or MeJA. As shown in Fig. 5, the
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Fig. 3 – Phylogenetic analysis of the deduced amino acid sequences and comparison of EGF-like repeat sequences.
A: Phylogenetic tree constructed by neighbor-joining algorithms with multiple RLK protein sequences. Bootstrapping was
performed 1000 times to obtain support values for each branch. Four groups of RLK proteins, WAK, LRR-RLK, LysM-RLK, and
Lectin-RLK were found and are represented, respectively, by the letters A, B, C, and D. The GenBank accession numbers of RLK
protein sequences are shown in Table S2. The scale bar indicates sequence divergence. B: Amino acid sequence alignment of
EGF-like motifs between TaWAK5 and WAK. Boxes in gray represent the six conserved cysteine residues.
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Fig. 4 – Plasmamembrane localization of TaWAK5-GFP fusion protein. A: Subcellular localization of the fused 35S:TaWAK5-GFP
in onion epidermal cells. The 35S:TaWAK5-GFP and 35S:GFP constructs, respectively, were introduced into onion epidermal
cells by bombardment and expressed under control of the CaMV35S promoter. Bars = 50 μm. B: TaWAK-GFP fusion protein or
GFP alone expressed under the control of the CaMV35S promoter in onion cells treated with 0.8 mol L−1 sucrose solution.
Bars = 50 μm.
Fig. 2 – Sequenced nucleotide and deduced amino acid sequences of wheat wall-associated kinase TaWAK5. The conserved
EGF-like motif is marked by the boxed residues and located between the signal peptide (indicated by dotted line) and the
transmembrane domain (underlined by a double line). The kinase domain (underlined by a single line) follows the
transmembrane domain. The roman numerals mark the eleven subdomains (shaded residues) conserved in the plant serine/
threonine protein kinase family. Arrowheads indicate the three kinase catalytic sites.
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Fig. 5 – Expression patterns of TaWAK5 in wheat before (0 h) and after treatment with exogenous phyto-hormones SA (A), ABA
(B), MeJA (C), and ET (D) for 0, 1, 3, 6, 12, and 24 h. Relative expression of TaWAK5 as fold change of the transcript over the
control (0 hpt). Three biological replicates for each time point were averaged, with standard error of mean indicated. Asterisks
indicate statistically significant variation calculated using Student's t-test (*P < 0.05, **P < 0.01).
262 T H E C R O P J O U R N A L 2 ( 2 0 1 4 ) 2 5 5 – 2 6 6expression of TaWAK5 was significantly induced by SA, ABA, or
MeJA treatment. The greatest induction effect was observedwith
the SA treatment. Upon SA treatment, the expression of TaWAK5
was induced at 1–12 h post-treatment (hpt), reached a peak at
6 hpt (about 33-fold over that of 0 hpt), and then decreased to a
normal level by 24 hpt (Fig. 5-A). The expression pattern of
TaWAK5 after treatmentwith ABAwas similar to that induced by
SA; the induction reachedapeak (about 17-fold over that of 0 hpt)
at 6 hpt (Fig. 5-B). Upon MeJA treatment, the transcript of
TaWAK5 was induced from 1 to 24 hpt, and peaked at 12 hpt
(more than 11-fold over that of 0 hpt) (Fig. 5-C). Upon ethylene
treatment, the transcriptional level of TaWAK5 decreased from 1
to 24 hpt (Fig. 5-D). These results suggested that TaWAK5may be
responsive to the SA, ABA, and MeJA signals.
3.5. Promoter characterization forTaWAK5
Transcriptional regulation is important in mediating
the responses of plants to external stimuli. To study which
stimuli TaWAK5 may respond to, we analyzed cis-acting
elements in the TaWAK5 promoter region using the PLACE
database. Many important transcriptional motifs were identi-
fied in the promoter of TaWAK5, including a TATA box (at
position 956), basal transcription, transcription factor binding
site, hormone (ABA, SA, gibberellins, cytokinins, and auxin)
responsiveness sites, and sites for responsiveness to elicitors
and other processes (Table S3).
3.6. TaWAK5-silencing did not obviously impair wheat
resistance to R. cerealis
To investigate whether TaWAK5 plays a critical role in wheat
resistance response to R. cerealis, we used a BSMV-based VIGStechnique to down-regulate TaWAK5 transcript levels in
resistant wheat CI12633. At 10 days after the virus inoculation,
the BSMV CP transcript was detected in plants inoculated with
BSMV virus, but not in the mock plants, revealing successful
virus infection. As expected, the TaWAK5 transcript levels were
considerably reduced in CI12633 plants infected by BSMV:
TaWAK5 (Fig. 6-A), suggesting that the TaWAK5 transcripts
were silenced in these CI12633 plants infected by BSMV:
TaWAK5. In disease screening tests of non-infected plants, the
4th sheaths of mock-treated CI12633 and those infected with
the BSMV:TaWAK5 virus were inoculated with mycelia of
R. cerealis. The 4th sheaths of the susceptible cultivar Wenmai
6 were used as a positive control to show successful R. cerealis
inoculation. At 2 weeks post R. cerealis inoculation, lesions with
dark-brown margins (an early symptom of sharp eyespot
disease) were observed on the 4th sheaths of the susceptible
Wenmai 6, but not on the BSMV:TaWAK5-inoculated, BSMV:
GFP-inoculated, or mock-treated CI12633 plants (Fig. 6-B). The
resistance continued to be present throughmoremature stages.
No sharp eyespot symptoms were observed at 4th sheaths and
stems of BSMV:TaWAK5-inoculated, BSMV:GFP-inoculated, and
mock CI12633 plants, but obvious symptoms were present
on the 4th sheaths and stems ofWenmai 6 plants. These results
suggested that the silencing of TaWAK5 did not directly
compromise wheat resistance to R. cerealis in CI12633.4. Discussion
In this study, we isolated a novel wheat WAK gene, TaWAK5,
from R. cerealis-resistant wheat CI12633, based on a cDNA
transcript that was differentially expressed between resistant
wheat genotype CI12633 and susceptible wheat cultivar
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Fig. 6 – Effect of silencing TaWAK5 on the resistance response of CI12633 to the necrotrophic fungal pathogen R. cerealis, causal
agent for sharp eyespot disease. A: Relative transcript levels of TaWAK5 and BSMV CP genes in the 4th leaves of the
mock-treated plants, or those infected by BSMV:GFP and BSMV:TaWAK5 as evaluated by semi-quantitative RT-PCR using
gene-specific primers. Amplification of the wheat TaEF-1a gene served as the internal control. B: Response of the 4th sheaths of
the mock-treated, BSMV virus-inoculated CI12633 genotype, and positive control Wenmai 6 reactions to R. cerealis. The
photographs were taken 2 weeks after R. cerealis inoculation. M: Mock plant; G-1: BSMV:GFP-1 plant; G-2: BSMV:-GFP-2 plant;
G-3: BSMV:GFP-3 plant; K5-1: BSMV:TaWAK5-1 plant; K5-2: BSMV:TaWAK5-2 plant; K5-3: BSMV:TaWAK5-3 plant.
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abundance of TaWAK5 in wheat was rapidly increased by
R. cerealis infection.Additionally,TaWAK5 in theR. cerealis-resistant
lines was induced to higher levels than in R. cerealis-susceptible
lines at 7 dpi with R. cerealis. These results suggested that
TaWAK5 may be involved in wheat defense responses to
R. cerealis infection.
Sequence analysis and phylogenetic analysis revealed that
TaWAK5 was a member of the WAK sub-group of the RLK
family in wheat. Several WAK genes have been shown to
play important roles in regulating plant defense responses.
WAK1 from Arabidopsis and OsWAK1 from rice were shown to
enhance resistance to the pathogens B. cinerea and M. oryzae,
respectively [5,11]. TaWAK5 is a non-RD-type protein, as it has
an HGDmotif in its subdomain VIb. Out of 38 receptor kinases
tested in plants, the six which fall into the non-RD class all
function in disease resistance and act as PRRs, while the
remaining 32 kinases are RD or alternative catalytic function
(ACF) kinases and are involved in developmental processes
[35], suggesting that all the non-RD RLKs seemed to partici-
pate in innate immunity. The TaWAK5 protein was localized
to the plasma membrane in onion epidermal cells, consistent
with the signal sequence and receptor responses.
Many WAKs have been shown to be involved in hormonal
signals. Arabidopsis WAK1 is induced by both SA and the SA
analog 2,2-dichloroisonicotinic acid (INA), and ectopic expres-
sion of the entire WAK1 or the kinase domain alone was
shown to provide resistance to lethal SA levels [36]. According
to cDNA microarray analysis in Arabidopsis, AtWAK1 is
induced by MeJA and ethylene [37]. In this study, qRT-PCR
analyses revealed that TaWAK5 could be induced by applica-
tion of exogenous SA, ABA, and MeJA. Although an antago-
nistic interaction between SA- and JA-dependent signaling
has been suggested [38–40], in some cases, SA does not inhibit
JA biosynthesis and may even contribute to JA-mediatedsignaling pathway function [41]. In Arabidopsis, concentrations
of both SA and JA and the timing of initiation of SA and JA
signaling are important for the outcome of the complex SA-JA
signal interaction [42,43]. ABA has been shown to interact
with the SA-JA network. ABA has been suggested to affect
JA biosynthesis and resistance against the JA-inducing,
necrotrophic pathogen Pythium irregular [23,24], and to suppress
SA-dependent disease resistance [44]. Related to the role of
phyto-hormones in WAK expression, the region upstream of
the start codon (1000 bp) of TaWAK5was analyzed in this study.
The promoter region contained one ABRE-like motif (ACGTG),
but no SA-, or JA-responsive elements (shown in Table S3).
Several studies have suggested that modulation of gene
expression is accomplished through the interaction of induced
regulatory proteins and specific DNA regions [45–47]. For
instance, the induction of a dehydration-responsive gene,
rd22, is mediated by ABA. MYC and MYB recognition sites in
the rd22 promoter region function as cis-acting elements that
interact specifically with AtMYC2 and AtMYB2; transgenic
plants overexpressing AtMYC2 and/or AtMYB2 cDNAs have
higher sensitivity to ABA[47]. In this study, TaWAK5 promoter
had five binding sites of an ABA-regulated protein, two of a
SA-regulated protein, and one of a JA-regulated protein (Fig. S1),
suggesting that TaWAK5 was also regulated possibly through
SA-, ABA-, and MeJA-hormones.
In this study, VIGS, which has been an efficient tool for
rapidly analyzing the functions of plant genes [48–51], was
also used to evaluate the disease resistance role of TaWAK5.
In wheat, infection with barley stripe mosaic virus (BSMV)
constructs carrying a fragment of the resistance gene Lr21
caused conversion of incompatible interactions of wheat and
leaf rust pathogen to compatible reactions after the gene
silencing, whereas infection with a control construct or one
that silences phytoene desaturase gene had no effect on
resistance or susceptibility [33]. Knocking down the transcript
264 T H E C R O P J O U R N A L 2 ( 2 0 1 4 ) 2 5 5 – 2 6 6levels of three wheat RLK genes TaRLK-R1, TaRLK-R2, or TaRLK-
R3 individually or all together by VIGS and the suppression of
TaHsp90.2 or TaHsp90.3 genes via VIGS compromised the wheat
hypersensitive reaction to stripe rust fungus, suggesting that
TaRLK-R1, TaRLK-R2, TaRLK-R3, and TaHsp90.2 and TaHsp90.3
were positive contributors in the wheat hypersensitive reaction
to stripe rust fungus [50,51]. These studies suggested that VIGS is
an effective reverse genetic tool for investigating the functions of
genes in wheat by knocking down the transcripts of target genes
during the development of disease resistance. Conventional
methods for gene functional analysis of plant genes, including
transformation are not easily accomplished given wheat's large
genome [52]. Transformation is also time-consuming because
the function of a target gene should be tested over multiple
generations [53]. In contrast to the conventional methods, the
main advantage of VIGS is the generation of a rapid phenotype
without the need for plant transformation[54]. Moreover, the
VIGS method provides a large-scale screening of genes for
functional analysis; only a single plant is enough to follow
phenotype with targeted silencing [55]. In this study, the VIGS
approach was utilized to investigate the function of TaWAK5 in
wheat defense response to R. cerealis. Although the TaWAK5
transcript level was reduced in CI12633 plants infected by BSMV:
TaWAK5, down-regulation of TaWAK5 in resistant CI12633 did
not result in an obvious impairment of wheat resistance to
R. cerealis. Plant defense is a complicated network in which some
components and network sectors interact with each other in
complex ways. The function of an individual component of a
network can be compensated for by some other component.
Therefore, functional characterization of disease resistance
components by knockout of an individual component is difficult
and multi-gene knock outs or gene × gene interactions need to
be considered [56]. In Arabidopsis, it has been suggested that
there is functional redundancy between the WAKs, as induced
silencing of individual AtWAK1or AtWAK2 using gene-specific
antisense transcripts did not cause any phenotypic alteration
[57]. In this study, knocking down TaWAK5 expression did not
cause the compromised resistancephenotypeof thehostCI12633
to R. cerealis. The reason might be that TaWAK5 is not the major
gene controlling wheat defense response to R. cerealis, or that
TaWAK5 is functionally redundant with other wheatWAK genes
that help replace its functionalities when it is knocked out by
VIGS experiments.5. Conclusions
A wheat WAK gene, TaWAK5, was identified by microarray
analysis of differentially expressed genes between R. cerealis-
resistant line CI12633 and susceptible cv. Wenmai 6 and
characterized. TaWAK5 was rapidly induced by R. cerealis
infection, and by exogenous SA, MeJA, or ABA application.
The deduced TaWAK5 protein shares the structural
characteristic of a wall-associated kinase, possessing two
EGF-like repeats and a kinase catalytic domain. The TaWAK5
protein was localized to the plasma membranes in onion
epidermal cells. Our results provide new insights into the
WAK sub-group of the RLK family and will provide the
foundation for further research into functions of WAKs in
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